Escherichia coli 397c is temperature sensitive for growth at 43.5؇C and unable to plate bacteriophage P2 at 33؇C. The mutation conferring these phenotypes was mapped to the rpoC gene. RNA synthesis is temperature sensitive in the mutant strain, and the ␤ subunit of RNA polymerase isolated from this strain exhibits increased electrophoretic mobility. DNA sequence analysis revealed that the mutation is a deletion of 16 bp, resulting in a frameshift that leads to truncation of the ␤ subunit at the carboxy terminus.
Escherichia coli K-12 strain 397c is a spontaneous temperature-sensitive derivative of the argG lac thi (cI 857 h 80 S t68 dlac ϩ ) strain P90A5. 397c was originally selected as a survivor at 43.5ЊC of the combined killing effects of ampicillin, streptomycin, and the temperature-sensitive lambda prophage (6) . A collection of 323 temperature-sensitive survivors of this selection, which are likely to be defective in RNA or protein synthesis, was screened for the ability to plate temperate bacteriophage P2 at the permissive temperature (33ЊC). Strain 397c, which has been cured of the lambda prophage, is Gro Ϫ for P2. Interrupted mating experiments using a Nal r derivative of 397c and 14 different Hfrs placed the mutation between the Hfr endpoints in strains Ra-2 and KL209 (7), in the 89-to 91.5-min region of the E. coli map. Subsequent mapping by P1 transduction indicated that the mutation was located between purD and argH. The Ts phenotype was complemented in merodiploid strains by an FЈ factor carrying a nonpolar amber mutation in rpoB but not by FЈ factors carrying a polar amber mutation in rpoB or an amber mutation in rpoC (data not shown). On the basis of this evidence, the mutation was designated rpoC397, affecting the ␤Ј subunit of RNA polymerase.
The effect of rpoC397 on RNA synthesis in vivo was examined by monitoring the incorporation of [ 3 H]uridine into acidinsoluble material. A comparison of RNA synthesis in strain 397c and the parental strain cured of the prophage, P90A5c, is shown in Fig. 1 . RNA synthesis in 397c, but not P90A5c, shuts off rapidly after a shift from 33 to 43.5ЊC. To determine whether this shutoff is irreversible, 397c cells that had been incubated at 43.5ЊC for 30 min were returned to 33ЊC. Within 30 min of the shift back to the permissive temperature, RNA synthesis was restored to 50% of the initial level seen at 33ЊC. Thus, the rpoC397 mutation appears to result in a reversible temperature-sensitive defect in RNA polymerase. The conclusion that this defect was due to a mutation affecting the ␤Ј subunit was further supported by the observation that RNA polymerase activity in 397c extracts could be reconstituted at 42ЊC by the addition of purified wild-type ␤Ј (7a).
Examination of RNA polymerase purified from strain 397c also indicated that the ␤Ј subunit was affected by this mutation (Fig. 2) . The mutant ␤Ј subunit reproducibly exhibited increased mobility, migrating just above the ␤ subunit. This indicates that the mutant strain produces a ␤Ј subunit that is slightly smaller than that of the wild type. The alteration in subunit size could be due to increased susceptibility of the mutant protein to proteolysis or a direct result of premature termination of translation. To distinguish these possibilities, the sequence of the mutant gene was determined.
The rpoC397 mutation was localized more precisely by marker rescue of the Ts phenotype by using a set of plasmids containing inserts of different intervals that span the wild-type rpoC gene. Plasmids pRL611 to pRL615, which were generously provided by R. Landick, contain fragments with codons 1 to 292, 293 to 544, 546 to 876, 878 to 1214, and 1214 to 1407, respectively, of the ␤Ј subunit (5). Following transformation of strain 397c with each of these plasmids, the resulting Amp r colonies were scored for the ability to generate recombinants capable of growth at the nonpermissive temperature. Only plasmid pRL615 was able to rescue the Ts phenotype, indicating that the mutation mapped to the C-terminal end of ␤Ј, distal to amino acid residue 1214. To sequence the mutation, the 3Ј end of the rpoC gene from strain 397c, between codon 1214 and the end of the wild-type coding region, was amplified by PCR with flanking primers RPOC1 (5Ј GGTGAACGTGTAGAACG 3Ј) and RPOC2 (5Ј GTTATTTGCGGATTAACG 3Ј). The amplified product was ligated into plasmid vector pCRII (Invitrogen). Two plasmids, each containing the product obtained from an independent PCR, were used to determine the DNA sequence of the amplified fragment. Sequencing reactions were performed with fluorescent dideoxynucleotides by using the ABI DyeDeoxy cycle sequencing kit (Applied Biosystems Inc.) and analyzed on an ABI automated sequencer in the Nucleic Acids Core Facility, Massey Cancer Center, Medical College of Virginia, Virginia Commonwealth University. Primers used for sequencing were the M13 universal primers and rpoC-specific synthetic oligodeoxyribonucleotides. Independently, a DNA fragment spanning the region included in pRL615 was amplified by PCR from 397c chromosomal DNA and the sequence of both strands of the amplified fragment was determined by using rpoC-specific primers and the Sequenase version 2.0 kit (U.S. Biochemicals, Inc.) in accordance with the manufacturer's instructions. Sequence data were stored and analyzed by using the Genetics Computer Group software package (3).
Sequence analysis revealed that E. coli 397c contains a deletion of 16 bp in the rpoC gene, from nucleotides 4065 to 4080 in the coding sequence. This results in a ϩ1 frameshift that alters the amino acid sequence distal to residue 1355, leading to a polypeptide that is 29 residues shorter than the normal ␤Ј subunit and contains 23 incorrect amino acids at the C terminus (Fig. 3A) . The C-terminal 52 amino acids of ␤Ј that are removed by this mutation are acidic (predicted pI, 4.5), while the 23 amino acids substituted by the frameshift are basic (predicted pI, 12.8). This region must not play a critical role in RNA polymerase function, since the 397c mutant strain is viable at 33ЊC. The frameshift changes six of the seven residues at the C-terminal end of region H (Fig. 3B) , a domain that is highly conserved between ␤Ј and the largest subunit of eukaryotic RNA polymerase II. Several E. coli rpoC mutations that affect transcription termination-antitermination also map within region H but upstream of the site of the rpoC397 deletion (10) . The conserved region affected by the rpoC397 mutation includes a residue at which a temperature-sensitive missense mutation in Saccharomyces cerevisiae polymerase II has been identified (9) . It is possible, therefore, that the Ts phenotype conferred by the rpoC397 mutation is due to the changes affecting conserved region H. Alternatively, the substitution of a basic stretch of amino acids in place of the normally acidic C terminus may lead to instability of the ␤Ј FIG. 1 . RNA synthesis in strains P90A5c (A) and 397c (B). Exponentially growing cells were diluted with prewarmed minimal medium and incubated at either 33 or 43.5ЊC. At the indicated times, 50-l aliquots were pulse-labeled for 2 min with 5 l of [
3 H]uridine as described previously (8), and RNA synthesis was monitored by determining the incorporation of radioactivity into acid-insoluble material. At 30 min after the start of incubation at 43.5ЊC, half of each culture was returned to 33ЊC and the rate of RNA synthesis in all of the cultures continued to be monitored. Symbols: ᮀ, 33ЊC; Ç, 43.5ЊC; ᭹, 43.5ЊC returned to 33ЊC.
FIG. 2. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis analysis
showing an alteration in the size of the ␤Ј subunit of RNA polymerase in strain 397c. RNA polymerases were purified by the method of Burgess and Jendrisak (1), modified as described by Sauer (8) , and the subunits were resolved by electrophoresis on a sodium dodecyl sulfate-7.5% polyacrylamide gel. Lane rpoC ϩ contained 10 g of an equal mixture of E. coli C and E. coli K-12 wild-type RNA polymerases. Two subunit bands are present, as this subunit is slightly smaller in E. coli C than in E. coli K-12 (2, 4). Lane rpoC397 contained 3.5 g of RNA polymerase from strain 397c. subunit itself or its assembly into RNA polymerase at higher temperatures.
The mechanism by which the rpoC397 mutation prevents P2 growth has not been determined. The 397c strain supports P2 DNA replication (8) , and activation of P2 late transcription is not blocked (1a) . The rpoC397 mutation also blocks the growth of phage N4, even at the permissive temperature (11) . In contrast to what has been found for P2, however, N4 late transcription is specifically impaired in strain 397c, raising the possibility that the N4 late transcription factor interacts directly with the C-terminal region of the ␤Ј subunit affected by the rpoC397 mutation.
